C to establish the phonon frequencies for all Raman-and ͑IR-͒ infrared-active optical qϭ0 modes using the generalized-gradient-corrected full-potential linear augmented plane-wave method. From a series of atomic force calculations the shape of the phonon potential is established. Our calculated Raman-active phonon frequencies are found to be in very good agreement with the available Raman-scattering measurements. In the case of IR-active phonons, to our best knowledge, there are no experimental frequencies available and our theoretical study is the first report for these series. The Raman-scattering intensities for all Raman-active modes of YNi 2 B 2 C are determined allowing a detailed comparison between theoretical and experimental Raman spectra. The changes in the electronic structure introduced by the phonon modes are also analyzed. Although the calculated electronic structure of these materials has three-dimensional character we found a large anisotropy in the optical dielectric function due to the layered nature of the crystal structure.
I. INTRODUCTION
The discovery 1 of superconductivity in the Y-Ni-B-C system and its coexistence with magnetism in quaternary transition-metal ͑T͒ borocarbides with the formula RNi 2 B 2 C (RϭY, Ho, Er, Tm or Lu͒ ͑Ref. 2͒ has stimulated considerable research activity. The layered R-T boride carbides RT 2 B 2 C show a rich variety of phenomena: superconductivity with elevated T c ; 1-3 exotic magnetic behavior such as helical magnetism; 4 heavy Fermion behavior; 5, 6 cascades of field-induced magnetic phase transitions; 7 mixed-valence states; 8, 9 a striking manifestation of the interplay between magnetism and superconductivity, such as reentrance and coexistence; [2] [3] [4] 7, 10, 11 anisotropic upper critical fields; angular dependence of in-plane magnetization; 12 hexagonal-tosquare vortex lattice transition; [13] [14] [15] and phonon softening at a finite wave vector where strong Fermi-surface nesting is suggested. 16 -20 The superconducting mechanism and the pairing symmetry of RT 2 B 2 C have been extensively studied over the past few years. There are many experimental observations of strong electron-phonon interaction, while considerable doubt has been expressed regarding the adequacy of a solely conventional electron-phonon ͑EP͒ mechanism to account for such high T c . The presence of the light elements boron and carbon, which is expected to result in high phonon frequencies, opened the door for speculation that some exotic pairing mechanism is responsible for the relatively high transition temperatures. For example, recent measurements of the microwave surface impedance in the vortex state suggest that low-energy quasiparticles may have d-wave dispersion. 21 The residual absorption in the superconducting gap ͑SG͒ seen by Raman spectroscopy 22 and the upward curvature of the critical field vs temperature 23, 24 are difficult to explain within BCS theory. The absence of a Hebel-Slichter peak, the temperature to the third power dependence of the nuclear relaxation rate, 25 and the direct measurement of the SG by photoemission spectroscopy 26 suggest the existence of nodes in the SG.
However, band-structure calculations, [27] [28] [29] [30] the T c vs ␥ relation, 31 and the variation in superconducting transition temperature with nonmagnetic impurities 32, 33 suggest strong EP interaction as a possible origin for the superconductivity. Also, the good agreement between transport and critical-field properties based on Eliashberg theory 24, 34 as well as s-wavelike tunneling spectra 35 support the above viewpoint. Furthermore, the observation 36 of the de Haas-van Alphen effect indicates that the superconducting state evolves from the Fermi-liquid ground state. While it is generally believed that EP interaction is the underlying mechanism for superconductivity in these systems, the responsible phonons are claimed to be either of a high-frequency (B-A 1g near 830 cm Ϫ1 ) ͑Ref. 37͒ or low-energy soft-mode nature. 18, 27, 38 Hence, it is important to fully characterize the lattice-dynamical properties of superconducting as well as nonsuperconducting borocarbides for understanding the superconducting mechanism.
Among the RNi 2 B 2 C superconductors the nonmagnetic compounds with RϭLu and Y exhibit 2, 3 the highest transition temperatures, T c ϭ16.5 and 15.5 K, respectively. In addition, electronic band-structure calculations 27, 29, 39 suggest that these materials are conventional superconductors with a relatively high electronic density of states ͑DOS͒ at the Fermi level (E F ) and that there is a complex set of bands crossing at E F which are strongly coupled to the phonons and may be responsible for the superconducting properties. No detectable superconductivity has been observed for isoelectronic and isostructural LaNi 2 B 2 C. The latter finding is believed to be due to the larger size of the La ion which decreases the DOS and the electron-phonon coupling at E F . 37, 39 The ac-susceptibility data show 40 that YCo 2 B 2 C is a Pauli paramagnetic metal and no superconductivity is observed down to low temperatures. From studies of the electronic structure and lattice-dynamical properties of these materials one can gain knowledge about the mechanism for the superconductivity in the RT 2 B 2 C phases. Usually the infrared ͑IR͒-active phonon frequencies are measured by IR ellipsometry. Windt et al. 41 studied the IR and optical properties of LuNi 2 B 2 C and suggested weak to moderately strong coupling in this material. However, the IR-active phonon frequencies for these materials have not yet been determined experimentally and hence a theoretical study is highly relevant.
Raman scattering provides valuable information about the phonons, and in particular, highlight the interaction between the motion of the ions and the electronic subsystem. It plays an especially important role in the study of unconventional superconductors owing to the strong dependence of the Raman response on the symmetry of superconducting order parameters. In recent years several experimental and theoretical studies have been made on Raman spectra for superconducting RNi 2 B 2 C. From Raman-scattering measurements on polycrystalline YNi 2 B 2 C Hadjiev et al. 42 assigned all four Raman-active modes (B-A 1g , Ni-B 1g , Ni-E g , and B-E g ). On the other hand, Park et al. 43 did not observe the Ni-E g and B-E g modes in RNi 2 B 2 C (RϭLu, Ho or Y͒ by measurements on single crystals. So, calculations on Raman-active phonons are needed to settle this issue. Dervenagas et al. 16 measured the low-lying phonon-dispersion curves of LuNi 2 B 2 C along the ( 0 0͒ and ͑0 0 ) symmetry directions. They found that the frequencies of these modes near ͑0.55 0 0͒ decrease with decreasing temperature, and, as a result, the corresponding branches exhibit strong dips in the vicinity of this point at low temperatures. The softening of these modes is so significant that it was observed in phonon DOS measurements by Gompf et al. 44 as well as in pointcontact spectra by Yanson et al. 38 A similar study by Kawano et al. 17 on the low-lying excitations in the Y compound as a function of temperature and magnetic field uncovered dramatic changes in the spectrum associated with the onset of superconductivity that includes a sharp feature at approximately 4 meV. Temperature-dependent single-crystal elasticconstant measurements on YNi 2 B 2 C also showed a softening around T c . 45 The lattice-dynamical properties of RT 2 B 2 C are accordingly of considerable interest.
For the theoretical investigation of the Raman spectra a recently developed method 46 can be used which allows to take into account the anharmonicity of the lattice-dynamical potential. Thereby all the required quantities can be obtained by first-principles band-structure methods within the frozenphonon approach, where the total energy and dielectric tensor as a function of the atomic coordinates are the main ingredients.
The rest of the paper is organized as follows. Structural aspects and the computational details are given in Sec. II. The results are presented and discussed in Sec. III. Finally we summarize the important findings of the present study in Sec. IV.
II. STRUCTURAL ASPECTS AND COMPUTATIONAL DETAILS

A. Structural information
Siegrist et al. 47 found that the crystal structure of RNi 2 B 2 C represents a filled-up variant of the well-known tetragonal ThCr 2 Si 2 -type structure ͑space group I4/mmm), where a carbon atom occupies the vacant 2b position in the R plane. It is highly anisotropic (c/aϷ3) with alternate stacking of NaCl-type (RC) and inverse PbO-type (Ni 2 B 2 ) layers. Although the structure of RNi 2 B 2 C is layered, like the high-T c copper oxides, several publications provide strong evidence that these compounds can be considered classical quasi-three-dimensional superconductors which owe their relatively high superconducting temperatures to strong coupling between phonons and electrons. The experimental lattice parameters used for the phonon calculations along with the optimized boron positional parameter (z B ) are given in Table I .
B. Computational details for the full-potential linear augmented plane-wave FLAPW calculations
For the frozen-phonon calculations we employed the fullpotential linear augmented plane-wave method as implemented in the WIEN97 code 49 in a scalar-relativistic version without spin-orbit coupling. The radii of the muffin-tin spheres are chosen such that they stay fixed and remain nonoverlapping under distortions. In the calculations we have used atomic sphere radii of 2.3 a.u. for Y, La, and Lu; 2.1 a.u. for Ni and Co; and 1.35 a.u. for B and C. The charge density and the potentials are expanded into lattice harmonics up to lϭ6 inside the spheres and into Fourier series in the interstitial regions. The initial basis set included 5s, 5p, and 4d valence and 4s and 4p semicore functions for Y; 6s, 6p, and 5d valence and 5s and 5p semicore functions for La; 6s, 6p, 5d, and 4 f valence and 5s and 5p semicore functions for Lu; 4s, 4p, and 3d valence and 3p semicore func- tions for Ni and Co; and 2s, 2p, and 3d valence functions for B and C. The set of basis functions was supplemented with local orbitals for additional flexibility in representing the semicore states and for relaxing the linearization errors in general. The cutoff angular momentum was lϭ10 for the partial waves used inside the atomic spheres and 4 for the partial waves in the computation of non-muffin-tin matrix elements. The number of augmented plane waves included was about 388 per atom. The effects of exchange and correlation are treated within the generalized-gradient-corrected local-density approximation ͑LDA͒ using the parametrization scheme of Perdew et al. 50 To ensure convergence for the Brillouin-zone ͑BZ͒ integration, we have used 99 k points in the irreducible wedge of the first BZ of the body-centered tetragonal lattice for the A 1g mode. The other phonon displacements lower the symmetry of the lattice. For the same density of k points as for the A 1g mode, 282 k points are involved in the calculation of E g -mode frequencies. Selfconsistency was achieved by demanding the convergence of the total energy to be smaller than 10 Ϫ5 Ry/cell. This corresponds to a convergence of the charge below 10 Ϫ4 electrons/ atom. The phonon frequencies are derived from the evaluation of the total energy as a function of the atomic displacements, whereas all the other parameters related to the calculation have been kept fixed.
C. Calculation of phonon frequencies
Phonon frequencies are studied at the ⌫ point in the BZ within the harmonic approximation. In the treatment of lattice dynamics, the frequencies at the ⌫ point are calculated from the dynamical matrix obtained using forces corresponding to different sets of linearly independent displacements of the atoms in the unit cell. The frozen-phonon calculations described below require knowledge of the phonondisplacement patterns. We thus start with the symmetry analysis of the vibrational spectra. At the zone center (⌫), the acoustic modes with symmetry ⌫ ac ϭA 2u ϩE u have zero frequencies. The irreducible representations of the optical modes are
Here, the subscripts g and u represent symmetric and antisymmetric modes with respect to the center of inversion. Since the unit cell has a center of inversion, there are only four Raman-active modes with a nonzero Raman-tensor element. The A 1g , B 1g , and E 2u modes have inversion symmetry and are thus Raman active. A schematic representation of the atomic displacements in the Raman-active E g , B 1g , and A 1g modes is given in Fig. 1 . The B-A 1g mode, where the light boron atoms move along c while the centered Ni atom and the adjacent C atoms are at rest, is depicted in Fig. 1͑c͒ . In the Ni-B 1g mode, the B and C atoms are at rest and the Ni atoms move along c as shown in Fig. 1͑b͒ . The E g mode ͓Fig. 1͑a͔͒ involves displacements of both B and Ni atoms along the a and b directions. Although all these modes change the Ni-B and B-C bond lengths they differ significantly in frequency because Ni is much heavier than B; the mode involving primarily B displacements has higher frequencies than the other Raman-active modes. There are three E 2u and A 2u modes, which have no inversion symmetry and hence are IR active. The three A u modes stem essentially from the vibration of the rigid Ni-B-C cluster along c entirely against the heavy R atom. The three E 2u excitations come from the vibration of the Ni-B-C cluster within the ab plane towards R. The phonon frequencies are derived from ''frozenphonon'' calculations, i.e., distortions ͑u͒ consistent with the symmetry of the mode in question are introduced and the corresponding total energy is calculated. If we introduce the off-equilibrium displacements u s of the atoms under consideration, the Taylor expansion of the total energy around the equilibrium positions in terms of the displacements can be written as
͑2͒
Here, the summations run from iϭ1 to 3n, where n denotes the number of atoms in the unit cell. Note that we have assumed qϭ0 phonons and are therefore able to drop the unit-cell index for the displacements and expansion coefficients. By making use of the undistorted crystal symmetry, the above expansion for the 3n degrees of freedom breaks down into several separate equations for each irreducible representation. The total energies were calculated for five different distortions for the A 1g mode, five for B 1g , nine for E g , and twelve for A 2u and E u modes, the maximum amplitude of displacement being approximately 0.04 Å.
In the special case where the block size of the irreducible representation is 1, the calculated total energy as a function of u can be fitted with a simple polynomial
where L is the lattice parameter which is a for E g and E u modes and c for A 1g , B 1g , and A 2u modes. As an example we show in Fig. 2 E(u) for the A 1g mode. In the present computations, the second derivatives required for the forceconstant matrix elements were obtained by calculating the forces exerted on all atoms when one or two of the atoms are displaced in the a, b or c direction. Both positive and negative displacements were considered to take into account possible anharmonic effects. For all the frozen-phonon calculations we have used the experimental structural ͑equilibrium͒ parameters given in Table I except for z B which was taken from our force minimization. The A 1g -mode frequency can be obtained by varying z B . The thus optimized B positions are compared with experimental neutron-diffraction data in Table I . These optimized z B values are, in turn, used for the calculations of the B 1g -, E g -, E u -, and A 2u -mode frequencies.
The coefficient a 2 in the second-order term of Eq. ͑3͒ is the harmonic contribution to the total energy, naturally referred to as a force constant. Knowing this, we then obtain the phonon frequency ph as
where is the mass of the atom which is involved in a given phonon mode. From the second derivative of the total energy or the first derivative of the force with respect to the displacement we have calculated the A 1g -phonon frequencies. A similar procedure can be adopted for the Ni-and Co-B 1g modes since they also involve only one degree of freedom as can be seen from the irreducible representation of the optical modes given in Eq. ͑1͒. Since the frequencies of the A 1g and B 1g modes are easy to derive from this kind of calculation, we also determined these frequencies using the full-potential linear muffin-tin orbital 51 ͑FLMTO͒ method. The computation of the two Raman-active E g modes and the IR-active A 2u and E u modes, however, involves the diagonalization of dynamical matrices with sizes 2ϫ2 and 3ϫ3, respectively, as can be seen from Eq. ͑1͒. The connection between the dynamical matrix D i j (q) for qϭ0 phonons and the energyexpansion coefficients of Eq. ͑2͒ is given by
where M i denotes the atomic mass associated with the atom with index i. The diagonalization of the dynamical matrix yields the eigenvectors and the phonon frequencies. In order to increase the accuracy and reduce the number of necessary total-energy and force calculations the coefficients E i j (2) were determined from a fit of the calculated atomic forces rather than from a fit to the total energies.
D. Calculation of Raman-active phonon intensities
The key feature of the present study is the ability to compute Raman intensities for each of the vibrational modes directly within the generalized-gradient approximation ͑GGA͒. The Raman-scattering activity associated with a given vibrational mode is related to the change in the electrical polarizability of the material due to the normal-mode displacements of the involved atoms. 52 A formalism 53 has been developed recently to derive the Raman spectrum from parameters which can be directly obtained from frozenphonon ab initio band-structure calculations ͑Raman intensity expressed by the fluctuations in the dielectric functions͒. The components of the Raman tensor for the RT 2 B 2 C compounds are given by We have determined the band structure and the dielectric function for different displacements of the atoms employing the FLAPW method. From these data we have evaluated the derivatives of the dielectric function with respect to the displacements. These derivatives are used to determine the corresponding Raman spectra using the following formalism. The Raman-scattering intensity I() of a given mode is related to the derivative of the dielectric function (⑀) with respect to the normal coordinate q i of the vibration 46 I͑ ͒ϭ 
͑6͒
where ͉i͘ and ͗ f ͉ denote the initial and final vibrational states.
Once the energies ⑀ kn and functions ͉kn͘ for the n bands are obtained self-consistently, the interband contribution to the imaginary part of the dielectric functions ⑀ 2 () can be calculated by summing transitions from occupied to unoccupied states ͑with fixed k vector͒ over the BZ, weighted with the appropriate matrix element for the probability of the transition. To be specific, the components of ⑀ 2 () are given by
Here (p x ,p y ,p z )ϭp is the momentum operator and f kn is the Fermi distribution. The evaluation of the matrix elements in Eq. ͑7͒ is done over the muffin-tin and interstitial regions separately. Further details about the evaluation of the matrix elements are given elsewhere. 54 Due to the tetragonal structure of these compounds the dielectric function is a tensor. The symmetry gets further reduced due to the phonon-mode displacements. The real part of the components of the dielectric tensor ⑀ 1 () is then calculated using the KramersKronig transformation. Like the phonon potential in Eq. ͑3͒, the frequency-dependent dielectric tensor ⑀ jl can be expanded as a polynomial in terms of the phonon eigenvector with coefficients obtained by fitting to the first-principles results:
In this case the derivatives of the dielectric functions appearing in Eq. ͑6͒ are represented by the coefficients of the polynomial at the incident photon energy. The pure vibrionic-matrix elements are calculated numerically after solving the harmonic ͑or anharmonic͒ oscillator problem for the potential given in Eq. ͑2͒. Equations ͑3͒ and ͑8͒ thus contain all the information necessary from the band-structure calculations to determine the Raman spectra for a certain eigenmode. We have computed ⑀ jl for five points along each normal coordinate and fitted the q i dependence of ⑀ jl at the chosen frequency of incident light . All modes are almost harmonic, therefore, the vibrational states ͉i͘ and ͗ f ͉ are eigenstates of the harmonic oscillator. More detailed discussions about the approach used here to calculate Raman spectra from experimentally observable parameters ͑which can be directly obtained theoretically from frozen-phonon ab initio band-structure calculations͒ can be found elsewhere. 53, 55 
III. RESULTS AND DISCUSSION
A. Calculated IR-and Raman-active phonons
Earlier studies show 56, 57 that calculated vibrational frequencies by GGA are in better agreement with the experimental data than those obtained by LDA. So all the results given in this paper are obtained from GGA calculations. In order to determine the equilibrium position of B we have calculated the total energy and forces as a function of B displacement along c ͑see the example in Fig. 2͒ . In general our calculated equilibrium z B parameters are in good agreement with the experimental values ͑Table I͒. The calculated Raman-active phonon frequencies for the RT 2 B 2 C compounds are given in Table II along with the available experimental values from Raman-scattering measurements 42, 43, 58, 59 and inelastic neutron-scattering experiments with Born-von Karman ͑BvK͒ model evaluation. 44 The experimental results show 43 that the full width at half maximum of the B-A 1g mode is about 100 cm Ϫ1 , i.e., the B modes are extremely broad, and accordingly a comparison with Raman frequencies is problematic. Taking this fact into account when comparing our calculated values with experimental data the agreement is as good as it can be. The calculated A 1g -and B 1g -phonon frequencies are also comparable ͑see Table II͒ with the frequencies calculated by Weht et al. 60 from the FLMTO method. The overall very good agreement between the experimental and present theoretical values indicates the reliability of the predicted values for the other modes and compounds. The polarization-dependent Raman-mode measurements 43 on LuNi 2 B 2 C with the boron isotope 10 B substituted for 11 B indicated that the mode near 830 cm Ϫ1 is due to the vibration of the B atoms which is confirmed by our theoretical study. The A 1g mode involves vertical B displacements that stretch/compress the linear B-C-B bonds while bending the B-Ni-B bond angles in the NiB 4 tetrahedron. The stiffness of the A 1g frequency reflects the strong B-Ni and B-C bonds consistent with an earlier chemicalbonding analysis. 32 Our calculated Raman-active phonons are found to be in good agreement with the experimental values indicating that GGA calculations can accurately predict the static density response and that phonons are not heavily dressed by spin or excitonic fluctuations in the borocarbides.
Park et al. 43 could not identify the Ni-E g and B-E g modes from polarization-dependent Raman measurements for RNi 2 B 2 C single crystals. However, our calculated phonon frequencies of the Ni-E g and B-E g modes for YNi 2 B 2 C are found to be in excellent agreement with the phonon frequencies obtained by Raman-scattering measurements of Hadjiev et al. 42 and Hartmann et al. 59 which should clarify the controversy between the three reports. Even though YNi 2 B 2 C and LaNi 2 B 2 C are found to be isostructural and isoelectronic, the former is superconducting with T c ϭ15.5 K and the latter is nonsuperconducting down to 1 K. So, it is interesting to identify the difference in the phonon behavior between these two compounds. The Raman-active phonons given in Table II show that there is no significant difference in frequencies between these two compounds except for the Ni-E g mode.
Experimental studies show 61 that the electronic specificheat coefficient ␥ of YCo 2 B 2 C is comparable to that of isostructural superconducting YNi 2 B 2 C. But the former possesses Pauli paramagnetic character and no superconductivity is observed down to 30 mK. So it is interesting to establish its phonon behavior. Comparison of our calculated B 1g -phonon frequency for YCo 2 B 2 C with other RT 2 B 2 C compounds show that YCo 2 B 2 C takes the largest value. This is consistent with the experimental findings in the sense that inelastic neutron-scattering measurements 44 on Co-doped YNi 2 B 2 C found shifts ͑between 40 and 70 meV͒ towards higher energy in the vibrational frequency. Stiffening of the phonon mode could explain why no superconductivity is observed in YCo 2 B 2 C.
Mattheiss et al. 37 proposed that the mechanism for the superconductivity of RNi 2 B 2 C is based on high-frequency B-A 1g optical phonons that dynamically modulate the B-Ni-B bond angles of the NiB 4 tetrahedra. Contrary to this viewpoint, Pickett and Singh 27 point out that to obtain T c Ϸ17 K, the phonon frequency has to be 145 cm Ϫ1 provided the electron-phonon coupling is strong (ϭ2.6). Thus the phonons responsible for the superconductivity are expected to be of much lower frequency than the highest frequency of the B vibrations. So, either soft modes or large contributions from the heavier atoms must be responsible for the large EP coupling in the RT 2 B 2 C compounds. The present results show that the frequency of the B-A 1g mode does not change significantly between the superconducting and nonsuperconducting members. However, the in-plane transition-metal vibration ͑Ni-or Co-E g mode͒ is shifted to higher frequencies for the superconducting phases compared with the nonsuperconducting phases. On the other hand, the electronic structure does not change significantly with the E g -mode displacement indicating that the interaction between the conduction electrons and the E g mode is weak. This indirectly supports the conclusion derived as a result of the point-contact measurement that strong interaction of the conduction electrons with soft phonons is the distinguishing feature between the EP interaction in the superconducting and nonsuperconducting materials. 38 Experimental high-pressure studies 62 show that T c for these materials decreases with increasing pressure. In order to gain insight into the effect of pressure on the phonon behavior we have calculated the changes in the phonon frequencies for the A 1g and B 1g modes for YNi 2 B 2 C with up to 8% volume compression. The thus obtained phonon frequencies are found to increase linearly with increasing pressure indicating that stiffening of the phonons at high pressures reduces T c . Further the highpressure electronic structure studies show that the DOS at E F decreases with increasing pressure. Hence, it seems that the nature of the superconductivity in these materials can be explained through the conventional EP mechanism.
The phonon frequencies () and eigenvectors obtained from the diagonalization of the dynamical matrix for the IRactive modes of the RT 2 B 2 C compounds are given in Table  III . The eigenvectors convey information about the contribution from various atoms to the phonon frequencies. Indirect experimental information on the phonon eigenvectors can be obtained from the polarization dependence of the IR and Raman intensities.
From BvK processing of data, Gompf et al. 44 found that the highest-frequency phonon mode should be the A 2u 1 excitation which is associated with antisymmetric bondstretching vibrations. We also found that A 2u 1 has the highestphonon frequency among the phonon modes in these RT 2 B 2 C compounds ͑Table III͒. The inelastic neutronscattering experiments 44 indicated a spectral component at 1209 cm Ϫ1 for YNi 2 B 2 C which is in excellent agreement with our calculated A 2u 1 -phonon frequency of 1215 cm Ϫ1 . The lowest-frequency IR-active mode (A 2u 3 ; see Table  III͒ in these compounds is 60% contributed by Ni or Co with the remaining 40% coming equally from B and C. The highest-frequency IR-active mode (A 2u 1 ; see above and Table III͒ originates from the vibration of C and B along c with two-third of the contribution from C and one-third from B. The highest-frequency E u mode (E u 1 ) is up to 55% contributed from B mixed with around 30% from C and 15% from Ni or Co. The E u 2 mode which mainly originates from C takes the largest frequency for YCo 2 B 2 C (429 cm Ϫ1 ) compared with all the other compounds considered here. This mode has a 55% contribution from C, approximately 30% from B, and approximately 15% from Ni or Co. There are quite significant differences between the nonsuperconducting LaNi 2 B 2 C and the superconducting Y and Lu analogs concerning the lowest-energy E u mode (E u 3 ). First, the frequency of this phonon mode is larger in nonsuperconducting LaNi 2 B 2 C than in the superconducting Y and Lu analogs. Second, some 50% of the contribution comes from Ni in LaNi 2 B 2 C as compared with some 70% from Ni in the Y and Lu variants. This indicates the significance of Ni for the occurrence of superconductivity in these compounds.
B. Raman-active phonons and superconductivity
Theoretical findings 39 have suggested that the highfrequency Raman modes are responsible for the enhanced T c of these borocarbides. Hadjiev et al. 42 advanced the attractive suggestion that it is the Ni vibrations that modulate the Ni-B bonds which are of importance for the paired state, and that renormalization effects may appear below T c for the Ni-B 1g mode at 198 cm Ϫ1 and the B-A 1g mode at 820 cm Ϫ1 . Hence, it is interesting to examine the changes in the electronic structure imposed by different phonon modes. Earlier band-structure calculations 27, 29, 39 for RNi 2 B 2 C have shown that the position of the E F is close to a peak ͑formed mainly by Ni-3d electrons͒ in the DOS. Our calculated band structures for superconducting YNi 2 B 2 C are given in Figs. 3  and 4 where the continuous lines refer to the equilibrium structure. The key feature of these band structures is the presence of a flat band along the ⌫-X direction ͑110͒ which is believed to be important for the superconductivity in these compounds. In order to gain insight into the role of the Raman-active phonon modes on the changes of the electronic structure of YNi 2 B 2 C we have calculated the band structure with displacements of Ϯ0.10566 Å ͑viz. Ϯ1%͒ for each mode. The changes in the band structure of superconducting YNi 2 B 2 C by the A 1g and B 1g modes ͑with the said displacements from the equilibrium structure͒ are shown in Figs. 3 and 4 . The large changes in the band structure of YNi 2 B 2 C by A 1g and to a certain degree B 1g phonons indicate that these modes are strongly coupled with the electrons and hence participate in the superconductivity. This observation is consistent with the experimental study in the sense that an appreciable boron isotope effect has been observed This can be most easily seen by comparing the band structure of the undistorted lattice to that of the distorted for the zone-center phonons. For the phonon-mode-involved inplane vibrations we did not see any significant changes near the E F . However, for the A 1g and B 1g modes, there is significant splitting of the bands as well as shifts near the E F as shown in Figs. 3 and 4 , indicating strong EP coupling. Since the value of the deformation potential is a measure of the EP coupling, we have calculated the deformation potential for all the Raman-active phonons at the high-symmetry points of the BZ. For the in-plane vibrations from the Ni-E g and B-E g phonons we obtained insignificant deformation potentials and conclude that the EP coupling is negligible for these modes. The deformation potentials obtained for the A 1g phonons at the ⌫, 110, and 111 points are 3.154, 1.583, and 1.559 eV/Å, respectively. In the case of the B 1g mode we have obtained a much smaller deformation potential than for the A 1g mode at the ⌫, 110, and 111 points with values of 1.014, 0.102, and 0.077 eV/Å, respectively. If one also considers the smaller mass of the B atoms which are involved in the A 1g -phonon modes, one could expect larger EP coupling for the A 1g phonons compared with the other Raman-active phonons. It should be noted that the band degeneracy along ⌫ to 110 of the BZ is split by the B 1g -mode phonon displacements ͑Fig. 4͒. The deformation potential at the banddegeneracy-split point in the BZ is found to take a considerably increased value of 2.731 eV/Å and hence the splitting of the degeneracy by the B 1g mode significantly contributes to the EP coupling. It is worth recalling that temperaturedependent Raman-scattering measurements 58 on YNi 2 B 2 C show a remarkable redistribution in the low-frequency region (р250 cm Ϫ1 ) upon lowering of the temperature. This supports the just advocated viewpoint that Ni-B 1g phonons are of importance for the superconductivity in these materials.
Among the Raman-active modes, the T-E g mode is distinctly different for the superconducting and nonsuperconducting materials and hence one may suspect that the Ni-E g mode plays an important role in deciding the superconducting properties. Therefore, we have also calculated the electronic structure of YNi 2 B 2 C with E g -mode perturbations. However, our calculated band structure for different phonon modes shows that the bands at the E F are much less sensitive to the T-E g modes than the B-A 1g and T-B 1g modes. So, we believe that apart from the B-A 1g and T-B 1g modes, phonon softening and/or other low-energy phonon excitations may be of importance. Several studies of the optical conductivity of these borocarbides have been published. [65] [66] [67] The calculated imaginary part of the optical dielectric tensor ⑀ 2 () for YNi 2 B 2 C is shown in Fig. 5 where Eʈa and Eʈc represent the electric field parallel to the crystallographic axes a and c, respectively. Even though the electronic structure studies show three-dimensional behavior, we found a huge anisotropy in the optical spectra which reflects the layered nature of the structure. One can derive 68 all linear optical properties from the ⑀ 2 () spectra given in Fig. 5 , but a more detailed account of our findings will be published later. From the derivative of the optical dielectric function with normal coordinates for phonon modes we have calculated the Raman intensities of all Raman-active modes using the formalism described in Sec. II C. The calculated Raman intensity as a function of laser energy is given in Fig. 6 for different polarizations.
The calculated intensity for the Ni-B 1g phonon for the zz polarization is negligibly small and hence it is not included in Fig. 6 . The overall Raman intensity is found to be high for the laser energy around 2.5 eV. So, with a proper selection of a laser source operating in this energy range one can obtain better yield of Raman-scattering intensity from these materials. Further we have detected a huge difference in the Raman intensity between different polarizations. In particular for the A 1g and B 1g modes the Raman intensity in the zz polarization is much smaller than that in the xx polarization.
The calculated Raman spectrum for superconducting YNi 2 B 2 C with a laser wavelength of 514.5 nm is shown in Fig. 7 . From this figure it is clear that the intensity of the E g modes is much weaker than that of the A 1g mode. This may be a reason for the problem of observing the E g mode in some of the experimental investigations. 43 The phonon frequency of the heavier Ni atom is expected to be lower than that of B and C. Figure 7 is consistent with this expectation that the Ni-B 1g mode has the lowest frequency.
IV. SUMMARY
We have performed first-principles frozen-phonon calculations for superconducting LuNi 2 B 2 C and YNi 2 B 2 C and nonsuperconducting YCo 2 B 2 C and LaNi 2 B 2 C to obtain all Raman-and IR-active phonon frequencies and eigenvectors. The overall agreement of our calculated Raman-active phonon frequencies compared to reported experimental values is found to be very good. We predict all the IR-active phonons for these compounds, since to our best knowledge there are no experimental data available, and we hope the present results will motivate such studies. Among the Raman-active phonon frequencies of the superconducting and nonsuperconducting compounds, only the T-E g mode shows a significant distinction with a smaller phonon frequency for the nonsuperconducting compounds. However, our electronic structure studies show that the energy bands near E F are not significantly distorted by the T-E g mode displacement. We have also found that the B-A 1g and Ni-B 1g modes are strongly coupled to the electrons at E F in the superconducting materials, whereas such strong coupling is found far away from E F in the nonsuperconducting materials. This indicates that the origin of the superconductivity in RT 2 B 2 C materials can be explained in terms of a conventional electron-phonon mechanism. We have also predicted the Raman spectrum for YNi 2 B 2 C and here shown that if one chooses the laser source with a wavelength around 2.5 eV one can get maximum intensity in the Raman spectra for these compounds.
We have analyzed the electron-phonon coupling and hence superconductivity in these materials based on the changes in the phonon modes imposed by the zone-boundary phonons alone. However, one cannot conclude that the coupling is weak along the entire zone on the basis of nonobservations at the ⌫ point alone. So, it would be interesting to map the complete phonon band structure and the electronphonon coupling strength within the entire BZ to obtain a better understanding of the superconducting behavior of these materials. This can be achieved by a complete set of linear-response calculations, but owing to the volume of computations involved in such a calculation it was regarded as outside the scope of the present study. 
